We have determined the lattice dynamics of MgSiO 3 perovskite (bridgmanite) by a combination of single-crystal inelastic x-ray scattering and ab initio calculations. We observe a remarkable agreement between experiment and theory, and provide accurate results for phonon dispersion relations, phonon density of states and the full elasticity tensor. The present work constitutes an important milestone to extend this kind of combined studies to extreme conditions of pressure and temperature, directly relevant for the physics and the chemistry of Earth's lower mantle.
I. INTRODUCTION
The Earth's lower mantle, spanning from 670 to 2900 km in depth, represents roughly 60% of Earth's total volume. Numerous studies indicate that its chemical composition is likely dominated by a perovskite-structured mineral phase, with MgSiO 3 being its main constituent, with Fe and Al as minor elements 1-3 . Accordingly, magnesium perovskite is likely the most abundant mineral on the Earth. However, irrespectively of its abundance, the natural occurrence of MgSiO 3 perovskite was reported only very recently 4 , in the Tenham L6 chondrite, a shocked meteorite, as the mineral is metastable under ambient condition and unpreservable during the exhumation of terrestrial mantle rocks. After the discovery, MgSiO 3 has been named bridgmanite 4 .
The determination of the physical properties of bridgmanite is of fundamental geophysical interest. Indeed, while the analysis of seismic records allows the determination of compressional and shear velocities in situ, the establishment of a compositional and mineralogical model for the mantle requires the knowledge of the mineral's equation of state and its elastic and thermodynamic properties at the relevant pressure (P) and temperature (T) conditions.
Structural studies at high pressure and high temperature by X-ray diffraction on samples compressed in a laser-heated diamond anvil cell have been extensively performed [5] [6] [7] and provide important insight into the pressure-volume (P-V) and pressure-volume-temperature (P-V-T) relationships. The elastic moduli of MgSiO 3 perovskite at ambient conditions have been measured on both single-crystal and polycrystalline samples 8, 9 . The aggregate shear modulus has been measured up to 96 GPa 10 . Numerous ab initio calculations have been
In the present work we utilize IXS to determine the phonon dispersion of single crystal MgSiO 3 along the main symmetry directions at ambient conditions. The experimental results are confronted with state-of-the-art ab initio calculations. We benchmark our results by comparing the derived elastic moduli with Brillouin light scattering measurements and the energies of Raman active modes with experimental values available in literature.
II. EXPERIMENTAL DETAILS
The bridgmanite crystals were synthesized starting from 85 mol% MgSiO 3 + 15 mol%
Mg 2 SiO 4 mixture as a silicate source. H 2 O was used as a solvent, and the bulk water content of the sample was about 13 wt%. Synthesis conditions were P = 24 GPa and T = 1500
with heating duration of 20 min using a Kawai type 5000 ton multianvil press at Okayama
University. Details of the synthesis procedure of bridgmanite can be found elsewhere 21 . The water content is estimated to be about 140(52) wt ppm using polarized IR spectra of thin sections perpendicular to a, b, and c axes of bridgemanite.
Optically transparent samples were characterized by single-crystal X-ray diffraction using Further details of the experimental set-up can be found elsewhere 17 .
III. LATTICE DYNAMICS CALCULATION
First principle calculations were performed within the generalized gradient approximation to the density functional theory in Perdew-Burke-Ernzerhof parameterization as im- with the experimental values at 77K 27 (see Table S1 in the supplementary information).
The dynamical matrices were computed on a 5 × 3 × 5 Monkhorst Pack grid employing density functional perturbation theory and were further Fourier interpolated in the cumulate scheme including all image force constants 28-30 . The well-converged internal forces yield a maximum error in phonon energies of <0.1 meV. Sum rule corrections for acoustic phonons and Born charges were applied with a maximal correction of 3 meV at Γ. IXS intensities were calculated in first order approximation assuming the validity of both harmonic and adiabatic approximation 17 . Thermodynamic properties are evaluated within the quasiharmonic approximation. The elasticity tensor was calculated using a least-square fit as detailed below. A sphere in reciprocal space containing 485 q-points close to Γ with |q|≤ 0.02 relative lattice units (r.l.u.) was used for this fit and the dynamical matrices on these q-points were computed using Fourier interpolation. According to the definition of acoustic phonons, the deformation energies can be calculated at each q-point, using the dynamical matrix and the same displacement modulus and polarization for all atomic sites. A given choice of displacement and q-vector determine the deformation tensor. In elasticity theory, the deformation energy can be expressed as a linear combination of the elastic constants for the given deformation tensor. We impose via a least square fit that the two ways of calculating the deformation energy coincide for all the considered q-points and polarizations, and obtain in this way the elasticity tensor.
IV. RESULTS In Figure 3 we display the MgSiO 3 phonon dispersion along selected high symmetry directions. For the low-energy part we superimpose the experimentally determined phonon energies. These were extracted by fitting a set of Lorentzian functions convoluted with the experimental resolution function to the IXS spectra, utilizing a standard χ 2 minimiza- The so-validated theoretical results were then used to derive the partial and total phonon density-of-states (DOS), shown in Figure 4 . The partial contributions per species indicate that the vibration of oxygen atoms dominates the first two low energy peaks in the DOS.
Between 67 and 82 meV all modes are almost exclusively due to oxygen. We further note a gap between 100 and 102 meV. The total DOS allows the derivation of important thermodynamic properties via integral equations 33 . Some relevant thermodynamic quantities calculated within the quasi-harmonic approximation for room temperatures can be found in the supplementary information (see Table S2 ).
The full elasticity tensor is given in Table II . The elastic moduli were determined using a least square fit to acoustic phonons without the need of symmetry braking displacements.
For comparison we also employed the traditional method exploiting the stress-strain relation The applied method provides a useful tool to derive the elasticity tensor directly from the lattice dynamics. It profits from the acoustic sum rule corrections, which overcome numerical issues due to the finite grid sampling of reciprocal space and finite number of plane waves. As further advantage, in contrast to stress-strain calculations using distorted structures, all structural symmetry operations can be exploited to reduce the number of k-points for the Brillouin zone sampling. The calculations are thus much easier to converge.
V. SUMMARY AND PERSPECTIVES
Our experimental study combined with parameter-free model calculations provides the complete lattice dynamics description of MgSiO 3 -brigmanite, the main constituent of the Earth's lower mantle and one of the most important Earth's minerals. More in general, our work clearly demonstrates that the phonon related properties of many geophysically relevant materials can nowadays be obtained without the need to record the phonon branches oneby-one along all the high symmetry directions. We have shown that the determination of a representative sub-set of experimental data is sufficient for the reliable determination of the full lattice dynamics. Consequently, very important thermodynamic and elastic properties can be derived with high accuracy. In particular, the knowledge of the full phonon dispersion is crucial for validating any physical quantity related to the lattice dynamics. Furthermore, when extended to high pressure and high temperature conditions, it allows the validation of the phase stability proposed on the basis of energy minimization. It is worth noting that the availability of a single crystal, while beneficial, is not mandatory, and the very same concept can be applied to polycrystalline materials as was demonstrated in the case of stishovite 31 .
The here-reported study at ambient conditions marks the starting point for a comprehensive investigation of the stable phases in Earth's mantle, including Mg 2 SiO 4 (forsterite, spinel, 
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